Resumen. La cepa del virus del oeste del Nilo (VON) que es actualmente epidémica en América del Norte presenta una mutación genética que eleva su virulencia en las aves, especialmente en las especies de la familia Corvidae. Aunque los individuos muertos de Corvus brachyrhynchos han sido lo más llamativo de la epidemia, el impacto global del VON sobre la avifauna de América del Norte permanece poco conocido y no ha sido evaluado en profundidad en California. Aquí evaluamos la variación entre especies en el efecto del VON sobre las aves de California desde 2004 hasta 2007 usando (1) seroprevalencia en las aves silvestres libres, (2) porcentaje de cadáveres de cada especie detectado por el público que dio positivo en los análisis de VON, (3) mortalidad determinada a partir de infecciones experimentales, y (4) disminuciones poblacionales detectadas por los análisis de tendencia de la base de datos del censo de aves reproductivas (BBS, por sus siglas en inglés). Usando modelos lineales bayesianos, extrapolamos las tendencias en los datos del BBS desde 1980 hasta 2003 (antes del VON) al . Atribuimos al VON las disminuciones significativas comparadas con las tendencias esperadas de abundancia en las áreas afectadas por la epidemia. Combinamos el riesgo estimado para cada una de las cuatro bases de datos para generar un puntaje general que describe el riesgo de cada especie frente al VON. La susceptibilidad de la avifauna de California al VON varía, con un puntaje general de riesgo que va desde bajo para la especie refractaria Columba livia hasta alto para la especie susceptible Corvus brachyrhynchos. Otras especies en alto riesgo incluyen, en orden descendiente, Carpodacus mexicanus, Nycticorax nycticorax, Aphelocoma californica y Pica nuttalli. Nuestros análisis enfatizan la importancia de múltiples fuentes de datos para determinar el efecto de un patógeno invasivo.
INTRODUCTION
The impact of invading or emerging pathogens can markedly affect a local fauna that has had no immunological or evolutionary history of infection. This scenario is further complicated when the pathogen is vector-borne, because transmission is predicated not only on the virulence of the pathogen and the susceptibility and distributions of both vector and vertebrate hosts but also upon the vector's pattern of host selection. Collectively the effect of these criteria on a local fauna would be expected to vary by species. Although the invasion of North America by West Nile virus (WNV, Flaviviridae, Flavivirus) has had devastating effects on the health of human beings, domestic animals, and wildlife , it also provides a unique opportunity to study the impact of an invading virus on the local host fauna.
The spread of WNV has been rapid and extensive, from New York to California and Canada to Argentina within 5 years . The invasion was enabled, in part, by the high virulence of the invading WNV strain in birds, especially corvids (Hayes 2001 , Brault et al. 2004 , which has been linked to a single mutation on the helicase gene ). Elevated viremia in birds seems critical for WNV to efficiently infect the moderately susceptible native Culex mosquitoes , Reisen et al. 2005a ) that serve as the primary vectors in North America (Turell et al. 2005 , Hayes et al. 2005 , including California (Reisen et al. 2004b) . High virulence has enhanced the virus's fitness at the cost of elevated mortality in the primary avian hosts (Reisen et al. 2005a) , which has been associated with significant avian population declines ). Dead corvids have been the hallmark of the North American epidemic and have been used to track its progress and distribution (Eidson 2001 , Eidson et al. 2001a , Eidson et al. 2001b , Julian et al. 2002 , Eidson 2005 . Although the Corvidae have been the most conspicuous taxon affected by WNV, experimental infections have shown that they are not the only highly susceptible species , Reisen et al. 2005a , and dead-bird-surveillance programs have reported over 300 species infected with WNV (Komar 2003) .
As WNV has spread across North America, the invasion has repeated a relatively consistent regional pattern of quiet introduction, followed by epidemic amplification, and then subsidence (Hayes et al. 2005) . Persistence and resurgence seem linked to climate variation (Bell et al. 2006) and to shifts in the hosts' "herd immunity" and declines in their abundance (Reisen and Brault 2007) . Relatively little is known, however, about how WNV has affected populations of North American birds . A recent analysis of abundance data from the Breeding Bird Survey (BBS) indicates that some species have declined significantly since the arrival of WNV, whereas others have remained unaffected . A view of similar data from California (Koenig et al. 2007 ) also suggested declines for some species, but these conclusions were based on change over a single year that preceded several years of peak WNV activity in central and northern California and on data aggregated from regions of California with very different levels of WNV activity. Our review of BBS data from California over the past 25 years has shown that numbers of some species fluctuate markedly, some declining prior to the arrival of WNV, complicating the interpretation of trends in avian abundance without additional supporting information.
Our current research tested the hypothesis that the high virulence of the invading NY99 strain and the NA, or WN02, strain that has displaced it ) has resulted in significant declines in populations of highly susceptible birds. California provided a unique location for our investigation because levels of WNV activity vary among the state's varied landscapes, the endemic arboviruses (now including WNV) have been well-investigated, and a well-organized surveillance program actively tracks WNV in time and space. To test our hypothesis, we aggregated data from California into four sets: (1) seroprevalence of WNV in free-ranging birds, (2) prevalence of infection in dead birds tested through the California Dead Bird Surveillance program, (3) host-competence studies from our laboratory and the literature, and (4) BBS data analyzed by Bayesian generalized linear mixed models to identify whether each species' abundance declined significantly following the invasion of WNV. Each data set was analyzed, and species was assigned a WNV-associated risk. Scores from each data set then were combined into an overall assessment of risk by species, demonstrating the impact of WNV on the avifauna of California. Depopulation of key avian host species undoubtedly affects WNV amplification and may, in part, delineate risk of human outbreaks of disease.
METHODS AND MATERIALS SEROLOGY OF FREE-RANGING BIRDS
We measured the levels of antibodies in free-ranging living birds collected in agricultural, wetland, and urban/suburban landscapes from January 2003 through August 2007 at three locations with repeated WNV activity , Hom et al. 2006 , Feiszli et al. 2007 ) situated along a south-to-north transect: (1) Coachella Valley near the Salton Sea in Riverside County, (2) San Joaquin Valley near Bakersfield in Kern County, and (3) Sacramento Valley near Davis in Yolo County (Fig. 1 ). Birds were captured weekly or biweekly in 10-15 mist nets and grain-baited traps, identified to species, aged and sexed when possible, banded with USGS bands, bled by jugular or brachial venipuncture (0.1 mL blood collected by syringe with 28-gauge needles and expressed into 0.9 mL saline), and released at the site of capture. Samples were centrifuged and the diluted sera were sent to the Arbovirus Laboratory at the Center for Vectorborne Diseases (CVEC), where they were screened for antibodies with crude antigen prepared from the Kern217 strain of St. Louis encephalitis virus (SLEV) with an enzyme immunoassay (EIA) (Chiles and Reisen 1998) . Our SLEV antigen cross-reacts strongly with WNV antibodies . We retested 1986 sera positive in the EIA by the plaque-reduction neutralization test (PRNT 90 ); 60% of the positive results were attributed to prior WNV infection, 2% to SLEV infection, with titers 4 that of the competing virus. The remaining 38% of the EIA positives had PRNT 90 titers 1:20, insufficient for specific virus identification. Overall, 85% of EIA positives were confirmed by PRNT 90 with titers 1:20. Since the invasion of WNV in 2003, SLEV essentially has been eliminated FIGURE 1. Locations of Breeding Bird Survey routes, coded by region, and West Nile virus-positive dead birds found during 2007. The BBS routes are apportioned among four regions: south WNV region, average August temperatures 23 C south of the Tehachapi Mountains; north WNV region, average August temperatures 23 C north of the Tehachapi Mountains; low-temperature coastal region, coastal areas with low WNV activity and August temperatures 23 C; mountain and Mojave region, mountains and high-elevation deserts with average August temperatures <23°C or low WNV activity due to few mosquitoes. Arrows show the areas where free-ranging birds were sampled for antibody prevalence: Coachella Valley, Kern County, and Yolo County.
from California (Reisen et al. 2008a (Reisen et al. , 2008b , and therefore we attributed the sera unidentified by the EIA but positive against our SLEV antigen to previous infection with WNV. The handling and sampling of wild birds was done under protocols approved by the Institutional Animal Care and Use Committee of the University of California, Davis, and permits from the State of California Department of Fish and Game and the USGS Bird Banding Laboratory.
CALIFORNIA DEAD BIRD SURVEILLANCE PROGRAM
To enhance surveillance for WNV, in 2002 the California Department of Public Health established a program for reporting and testing dead birds (McCaughey et al. 2003) , although WNV-positive birds were not detected until 2003 (Reisen et al. 2004b) . Birds dead for 24 hrs and reported by the public to the Dead Bird Hotline were gathered by local agencies, especially mosquito-and vector-control districts, and shipped to the California Animal Health and Food Safety Laboratory (CAHFS), where they were necropsied. Kidney samples were sent to CVEC, where they were tested for WNV RNA by realtime reverse transcription-polymerase chain reaction (RT-PCR) with previously published primers (Lanciotti et al. 2000) . Oral swabs from some American Crows (Corvus brachyrhynchos) tested for WNV antigen by local agencies with RAMP ® (Response Biomedical Corporation, Burnaby, BC) or VecTest ® (Microgenics Corporation, Fremont, CA) also were included in the data set. Oral swabs tested by RAMP or VecTest from species other than American Crows were less reliable and required confirmation by CVEC for inclusion.
EXPERIMENTAL INFECTIONS
We compiled results of experimental infections from the literature , 2005 , Reisen et al. 2005a , Reisen et al. 2006d ) and our unpublished experiments. Birds used in our experimental infections were captured in Kern or Riverside counties and transported to the Arbovirus Field Station in Bakersfield, where they were held in mosquito-proof aviaries for 1-2 weeks to ensure cage adaptation and for observation of general health. Prior to the start of each experiment, birds were sampled for antibodies to WNV, SLEV, and western equine encephalitis virus to ensure that they had no history of infection. Birds then were inoculated subcutaneously with 100 μl of virus diluent containing 100-5000 plaque-forming units (PFU) of WNV (NY99 strain 35211 AAF 9/23/99 isolated from a flamingo that died at the Bronx Zoo), a range within the viral doses expectorated by Culex mosquitoes (Reisen et al. 2005a, Colton and Nasci 2006) . A similar strain of WNV was used in related studies , Komar et al. 2005 . Birds were examined daily for mortality and bled by jugular venipuncture for 6 or 7 days to assess viremia. Blood samples consisted of 0.1 mL of blood expressed into 0.4 mL of viral diluent (phosphate-buffered saline, 15% fetal bovine sera, and antibiotics), clarified by centrifugation and frozen at −80°C until tested at CVEC. Viremia titers were determined by standard Vero-cell-plaque assay (Kramer et al. 2002) . We calculated a host-or reservoir-competence index ) that combined three parameters: avian susceptibility, mean daily infectiousness to mosquitoes based on daily avian viremia, and the duration of avian infectiousness. Mean daily infectiousness was based on a regression function calculated from the proportion of Culex pipiens becoming infected plotted as a function of the log 10 of WNV viremia titers in donor chickens (Turell et al. 2000) . Duration of infectiousness was based on the number of days that the mean viremia exceeded 5 log 10 PFU mL −1 , the approximate minimal threshold for infection. Although in California Culex appears to be more susceptible (Goddard et al. 2002 , Reisen et al. 2005a to WNV infection than eastern C. pipiens on which the linear regression function was based, we retained this function to allow comparison of our values to those in the literature . Our index also produced a range of values greater than the revision of this index by Kilpatrick et al. (2007) (Sauer et al. 2004) to predict bird counts in California from 2004 to 2007 if WNV had not arrived. We devised models for 26 species (Table 4) having a broad range of susceptibility to WNV. Counts during midsummer 2003 were made before the detection of WNV in southern California (Reisen et al. 2004b ), so we considered 2003 a WNV-negative year. Counts for each route in year t were assumed to be conditionally Poisson with their expected values, ijkt , given by the following function:
where 1 is a linear trend over years centered at mean year t* for all routes in region i, 2 is an adjustment for the December-March multivariate El Niño/Southern Oscillation index (MEI), and and are random effects to account for differences by route, j, and by observer, k, respectively. The MEI is a broad indicator of meteorological conditions in a year, and models were fit separately with and without the MEI for each species; the model with the lowest deviance-information criterion (Spiegelhalter et al. 2002) was retained. All unknown model parameters were given noninformative priors; i.e., random terms were normally distributed with means of zero and had standard deviations with uniform (0.01,10) hyperprior distributions. Models were fit by means of WinBUGS 1.4.3 (Lunn et al. 2000) and run for 30,000 iterations following a 20,000-iteration "burn-in." Convergence was confirmed by visual inspection of sampling histories and the Gelman-Rubin statistic (Brooks and Gelman 1998) . We used 121 BBS routes throughout California with at least eight observations during the 24 years preceding the advent of WNV (1980-2003, 33% of observation years) and with at least one observation [2004] [2005] [2006] [2007] , since the arrival of WNV. We considered the numbers of runs of many routes inadequate, so we did not extrapolate trends from results from those routes. Our criteria for accepting a route were less stringent than those of previous studies ) because we were limited by data from fewer routes. We divided California into four regions based on (1) temperature as a proxy measure of WNVtransmission activity by mosquitoes, (2) WNV-related avian mortality from the dead-bird program, and (3) physical geography and distributions of vectors and avian hosts. We used the mean monthly August temperature of 23°C to segregate BBS routes into regions of high and low WNV activity, because above this temperature the mean extrinsic incubation period of WNV in Culex tarsalis is 2 weeks , increasing the efficiency of WNV transmission. BBS routes with average August temperatures 23°C south and north of the Tehachapi Mountains were defined as the southern and northern WNV regions, respectively. Routes located in coastal areas with low WNV activity and August temperatures 23°C constituted the low-temperature coastal region. Routes within mountains and high-elevation deserts with average August temperatures 23°C or low WNV activity due to few mosquitoes and avian hosts were aggregated into the Mountain and Mojave region (Fig. 1) .
Using models fitted to BBS data from 1980 to 2003, we projected 95% prediction intervals (PIs) for the expected numbers of birds per route for each region for the years [2004] [2005] [2006] [2007] . Observed means per route for the same regions over the next 4 years were compared to the PIs, and two or more consecutive years above or below the PIs were considered to be evidence for a significant departure from the long-term trend. Model results also were compared among species based on their response to experimental infection (see above) and among regions and years with varying levels of WNV activity , Hom et al. 2006 , Feiszli et al. 2007 ).
SYNTHESIS: RISK ASSESSMENT
Within each of the four data sets we scored species according to perceived risk of WNV and then averaged the scores for an overall risk assessment. For the serology data risk was based on the percentage of birds tested that had flaviviruspositive sera. Because positive individuals had survived WNV infection, we assigned higher risk scores to species with higher seroprevalence and therefore a history of frequent infection. Presumably, birds with low seroprevelance were not bitten frequently by infectious mosquitoes or, in some species, succumbed frequently during acute infection and were not available for collection. Low frequency of vector contact could be related to either the mosquito's preferences for its blood-meal host or the bird's unavailability during the transmission season (e.g., migrants, distribution). Species with flavivirus seroprevalence 1% received a risk score of 1, those between 1% and 5% received a 2, those between 5% and 10% received a 3, and those 10% received the highest risk score of 4.
For the California Dead Bird Surveillance program's data risk was based on the percentage of dead birds that tested WNVpositive. Species with an infection prevalence 10% received a 1, those between 10% and 15% received a 2, those between 15% and 30% received a 3, and those 30% received a 4.
For birds experimentally inoculated with WNV, risk was based on mortality. If all individuals survived, the species received a low risk score of 1, if mortality was 0-25% it received a 2, if mortality was 25− 50% it received a 3, and if mortality was 50-100% it received a 4. These mortality ranges were broad but reflected the range of response by the species tested.
Trends in the BBS data were scored by the number of years within each region in which populations declined below the 95% PI. The risk score was based on the total number of region-years of significant decline, where 0-2 years in decline rated the species a 1, 3-4 years rated a 2, 5-6 years rated a 3, and 6 years rated a 4.
RESULTS
The invasion by WNV has had a variable and often unpredictable impact on the avifauna of California, owing to the variable response of the various species following infection and their relative availability to host-seeking infectious vector mosquitoes. Interpretation was not straightforward and required the integration and synthesis of four data sets.
SEROLOGY OF WILD BIRDS
Serological data determined which species were exposed naturally to WNV, survived, and were captured by our sampling program. Of the 25 116 wild birds of 40 families tested for antibodies, 1986 were Flavivirus-positive by EIA. Of these, 1695 sera had neutralizing antibodies for WNV with PRNT titers 1:20. No birds collected after 2003 were SLEVpositive, although titers of several from the Coachella Valley were equivocal and considered to be evidence of dual infections (Reisen et al. 2008b) . EIA results were used to establish risk, because PRNTs often fail to confirm new or very old infections (Reisen et al. 2004a ) and we wanted to be as comprehensive as possible in evaluating these data. The high percentage of EIAs confirmed by PRNT (85%) validated our use of EIA results as evidence of previous WNV infection. Species testing positive and sampled on 25 occasions were ranked by order of seroprevalence (Table 1) . Generally, seroprevalence was highest in moderately large-bodied species, such as doves and quail, which survive experimental WNV infection. A notable departure was the Western Scrub-Jay (Aphelocoma californica) in the family Corvidae, which frequently tested positive for WNV in the dead-bird program (Table 2) , had an 83% mortality rate following experimental infection (Table 3) , and yet had the second-highest overall seroprevalence (Table 1) . If the results of experimental infection reflect mortality in the field, these data indicate that most individuals in some Western Scrub-Jay populations were infected with WNV during every transmission season. In Bakersfield in 2006, for example, this species' seroprevalence was 57% (Carroll et al. 2007 ). Collectively, these data indicate that infectious mosquitoes frequently select large birds. Although bird size and infection rate were significantly correlated ( Fig. 2) , only 16% of the variance in flavivirus seroprevalence was explained by mean body weight (R 2 0.159, df 1, 34, P 0.016).
We considered whether species that consistently tested negative occur in areas with WNV activity during the summer transmission season. Migratory White-crowned Sparrows (Zonotrichia leucophrys) that overwinter throughout the agricultural areas of California, for example, were rarely positive for antibodies against WNV ( 1% of 4,225). We attributed ) and cold temperatures preclude virus transmission (Reisen et al. 2006c ).
During the warm months when WNV was transmitted in these areas, this species migrates north to areas such as the Pacific Northwest, Alaska, and British Columbia (Hardy et al. 1965) where little transmission of WNV has been recorded (http://diseasemaps.usgs.gov/; http://www.hc-sc.gc.ca/dc-ma/ wnv-vno/index_e.html). Other species with low WNV seroprevalence were the Yellow (Dendroica petechia; 0.2% of 436 tested) and Orange-crowned (Vermivora celata) Warblers (0 of 220) which occur in California during the WNV transmission season but largely inhabit areas of low virus activity such as the Sierra Nevada and Pacific Northwest (Sogge et al. 1994 , Lowther et al. 1999 . High WNV infection rates in corvids, Loggerhead Shrikes (Lanius ludovicianus), and raptors may be attributed not only to mosquito-to-bird transmission but also to oral infection due to predation on nestlings and/or birds incapacitated by acute WNV infection , Nemeth et al. 2006 , as well as possible fecal-oral transmission at communal roosts (Dawson et al. 2007) . Although the American Crow was not represented in our sample of trapped birds, we expected a high risk score for it because this species has never survived experimental infection with WNV , Brault et al. 2004 ). Komar et al. (2003) . *Data from Komar et al. (2003) ; **data from Komar et al. (2005) ; data from species unmarked with an asterisk are birds from California that we infected experimentally. Peak viremias are expressed as mean maximum viremia. Herons, family Ardeidae, constituted three of the nine most frequently infected species; however, our data on these species were spatially limited and extremely variable. Least Bitterns (Ixobrychus exilis) were collected within a dense cattail marsh along the western shore of the Salton Sea from 2003 to 2005, whereas Snowy Egrets (Egretta thula) and Blackcrowned Night-Herons (Nycticorax nycticorax) were mostly fledglings that fell from a colony communally nesting in trees at a farmstead near Davis in Yolo County during the outbreak year of 2006 (Reisen et al. 2008c) . WNV seroprevalence was much higher in birds at this colony breeding in a Eucalyptus grove than at a colony in snags in a pond at the Finney and Ramer lakes, Imperial Wildlife Area (Reisen et al. 2005b) .
Interestingly, the seroprevalence of the Song Sparrow (Melospiza melodia) was relatively low (1.4%) even though this year-round resident has survived WNV infection in several experiments , Reisen et al. 2007a , 2007b and commonly roosts and nests in wetlands which produce large numbers of Culex tarsalis, the primary WNV vector mosquito in the rural western USA (Turell et al. 2005 ).
DEAD-BIRD SURVEILLANCE
Between January 2003 and December 2007, 27 194 dead birds representing 228 species were reported by the public and tested for WNV in California. This total excluded captive species and birds not specifically identified by the public or local agencies. Overall, 9040 birds (33.2%) of 130 species (57% of those tested) tested positive for WNV. Because of the program's inclusive protocol of testing all species submitted, the dead-bird data provided the greatest species diversity of the four data sets considered in our analysis and included species not readily sampled by other methods. Species of which at least 25 individuals were tested and found WNV-positive are summarized in Table 2 . This list does not include all Californian bird species that succumb to WNV infection (Table 3) and includes species that may have died from other causes while infected with WNV. For example, all Mourning Doves (Zenaida macroura) experimentally infected with WNV have survived (Table 3) , but 7% of those tested in the Dead Bird Program had kidneys positive for WNV RNA at necropsy. It is unknown if these individuals were especially susceptible to WNV (e.g., immunocompromised, old or co-infected), were killed by other means before clearing their acute WNV infection, or had developed chronic infections (Reisen et al. 2006b ).
Prevalence of infection among necropsied specimens varied widely. For example, only 4 of 266 (1.5%) Cedar Waxwings (Bombycilla cedrorum) were found to be WNV-positive, indicating that WNV probably is not a common cause of death for this species. In contrast, 74% of 1183 Yellow-billed Magpies (Pica nuttalli) tested positive, indicating that WNV was a frequent cause of death. The species with the highest risk scores were four species in the family Corvidae, the Oak Titmouse (Baeolophus inornatus), American Kestrel (Falco sparverius), and Western Bluebird (Sialia mexicana). The Common Raven (Corvus corax), a corvid, did not have a high WNV positivity rate, perhaps because its range did not often overlap areas with high WNV activity.
EXPERIMENTAL INFECTIONS
Data from experimental infections of 27 species in 18 families and 9 orders are summarized in Table 3 . Variation in the response to WNV infection was seen within both species and families. For example, American Crows had a high mean maximum viremia (10.2 log 10 PFU mL −1 ) and 100% mortality, whereas Western Scrub-Jays had a slightly lower mean maximum viremia (9.2 log 10 PFU mL −1 ) and 83% mortality. Frequent survival following natural infection was indicated by almost 30% of the field-collected Western Scrub-Jays being positive for WNV antibodies (Table 1) . Two species of warblers in the family Parulidae were even more variable: Orange-crowned Warblers had 100% mortality and a high mean maximum viremia (8.0 log 10 PFU mL −1 ), whereas Yellow Warblers had 100% survival and a lower maximum viremia (6.6 log 10 PFU mL −1 ). Similar contrasting relationships were found within the Icteridae, where Brown-headed Cowbirds (Molothrus ater) were refractory to infection, but Brewer's Blackbirds (Euphagus cyanocephalus), Tricolored Blackbirds (Agelaius tricolor), and Red-winged Blackbirds (A. phoeniceus) were competent hosts. In addition, when sufficient numbers were tested, considerable intraspecific variation was detected; e.g., among 36 House Finches (Carpodacus mexicanus) infected concurrently with WNV, 24 (67%) succumbed to infection and peak viremias ranged from 4.8 to 8.1 log 10 PFU mL −1
. Infections seemed to reach a crisis point at about day 5 post infection, after which either the viremia subsided and the bird survived, or high viremia persisted and the bird eventually succumbed. Collectively, these data indicate that extrapolations from one species to a related species may provide misleading results.
We included a host-competence index to place experimental results into an epidemiological context (Table 3 ). This index comprises avian susceptibility, mean daily infectiousness to mosquitoes based on viremia, and the duration of infectiousness. We considered viremias 5 log 10 PFU mL −1 to be progressively more infectious to Culex mosquitoes as a linear function of viremia. Because of the inclusion of a term for viremia duration (see Methods), Orangecrowned Warblers had a higher host-competence index than American Crows, because they survived longer before succumbing to infection. Values in Table 3 agree closely with Komar et al. (2003) but are greater than calculated by Kilpatrick et al. (2007) from the same data, although the ranking of species remained similar. Although useful epidemiologically, host competence must be considered in association with prevalence of infection related to the mosquito's host selection to consider reservoir capacity.
Mortality rates by species ranged from 0 to 100%. Mortality and peak viremia (r 0.686, P 0.01, n 17; Fig. 3A ) and mortality and host competence (r 0.793, P 0.01, n 17; Fig.  3B ) were correlated significantly; peak viremia and host competence also were correlated significantly (r 0.715, p 0.01, n 17). Host competence depended not only on peak viremia but also on the duration of elevated viremia, and therefore species such as the Western Scrub-Jay had a higher estimated host competence than the American Crow. In species such as the House Finch with intermediate host competence the viremia response frequently varies, with some individuals having elongated and elevated viremias and succumbing, others reaching a crisis point during infection and then recovering rapidly. Other species, such as the Song Sparrow, frequently had elevated viremias but did not succumb to infection. In general, the ability of the invading WNV genotype to invade temperate climates seems to be closely related to its ability to induce the elevated avian viremias required for the effective infection of moderately competent vectors of the genus Culex ).
TREND ANALYSIS OF BBS DATA
Within four regions of California, we analyzed trends in the abundance of 26 bird species, of which 6 declined significantly within either the southern or northern WNV region (Table  4) . We considered declines significant if the observed mean number of birds per BBS route dropped below the 95% PI for two consecutive years, indicating a significant ( 0.25% probability) departure from the trend extrapolated from the 1980-2003 data. Although we retained the MEI within 15 of the 26 species models, there was no discernable relationship between whether the term was retained in the models and whether the bird feeds on seeds ( 2 1.17, P 0.28). Four of five corvids analyzed declined significantly in at least one region of California (Fig. 4) . The Yellow-billed Magpie was especially affected by WNV in the northern region, and in 2006, following intense WNV transmission during 2005 (Hom et al. 2006) , reached a 27-year population low that continued through 2007. Around Sacramento, several long-standing communal roosts of the Yellow-billed Magpie became depopulated after the arrival of WNV (Crosbie et al. 2008 ). In the northern WNV region declines in the American Crow and Western Scrub-Jay also were documented, but these were not as marked as that of the Yellow-billed Magpie. In contrast, the abundance of the Common Raven increased significantly in both the southern and northern WNV regions, perhaps as a result of waning competition from other corvids and its more solitary habits.
Trends in species with intermediate mortality during experimental infection varied. The House Finch and House Sparrow (Passer domesticus) are key hosts for maintaining and amplifying WNV in California. They were frequently positive in seroprevalence surveys (Wilson et al. 2006 ) but often succumbed following experimental infections (Table 3) . Populations both species declined significantly in the northern but not the southern WNV area (Table 4 , Fig. 5 ). Interestingly, House Sparrow populations rebounded rapidly in the northern WNV area during 2007, perhaps because of continued declines in House Finch populations that compete for the same peridomestic resources (Cooper et al. 2007 ) and decreases in Western Scrub-Jays that frequently feed on nestlings. In contrast, Mourning Doves and California Quail (Callipepla californica) usually do not succumb from infection (Table 3) , and accordingly these species failed to show significant population declines after the arrival of WNV (Table 4 , Fig. 5 ).
No trend was discernable for the Red-tailed Hawk (Buteo jamaicensis).
Not all significant declines were attributable to WNV. The Song Sparrow, for example, showed a decline every year from 2004 to 2007 in the southern WNV region (Table 4) , which was unexpected because 100% of birds survived experimental infection (Table 3) . Inspection of individual BBS routes revealed that the southern WNV route with the largest Song Sparrow population recorded a steady decline that began in 1990 and then stabilized at nearly one tenth the peak abundance during 2002, a pattern suggesting habitat change more than WNV activity. In addition, House Finches declined significantly in the Mountains and Mojave region starting in 2002, before the arrival of WNV. Declines here and elsewhere in California may be related, in part, to a concurrent outbreak of avian pox (Poxiviridae: Avipoxvirus). We encountered poxinfected birds frequently during our seroprevalence sampling, and this virus can cause high mortality and be transmitted by both mosquitoes and direct contact (Tripathy and Reed 1997) . The Canary (Serinus canaria), like the House Finch a member of the family Fringillidae, is extremely susceptible to the more severe diphtheric form of avian pox and can suffer mortality rates as high as 80-100% (Tripathy and Reed 1997) .
We used four measures to assess the effect of WNV on California's avifauna, because no single method successfully captured sufficient interpretive information. Serology of live birds provided information on the frequency of infection in species that survived WNV infection and responded immunologically. Our sampling focused on species thought to be important in maintaining and amplifying WNV and therefore included only a subset of all California species. Some target species such as the American Crow were very difficult to collect, despite considerable effort, and were not well represented in our data. Some experimentally competent species rarely were found naturally infected, even though they frequently were collected and tested. The Northern Mockingbird (Mimus polyglottos), for example, rarely was found to be WNV-antibody-positive, even though it usually survived experimental infection and frequently is infected elsewhere (Komar et al. 2005) . Our results questioned whether in California this species was exposed to WNV less frequently than other urban species or succumbed to infection more frequently than the experimental data indicated (Table 2 ). In contrast, the Common Ground-Dove (Columbina passerina) and California Quail often were serologically positive, indicating frequent previous infection, and survived experimental infection (Reisen et al. 2005a (Reisen et al. , 2006d ; however, these species most likely have little importance in WNV amplification because of low host competence. Their high seroprevalence supported the notion that in rural and urban habitats species of low host competence are fed upon frequently by infectious mosquitoes and may dampen virus amplification by diverting infectious mosquitoes from competent hosts. The California Dead Bird Surveillance Program provided important data on species and geographical areas not well represented in our serological surveys but was biased toward large birds living in cities and suburbs (e.g., American
Crows) where they could be seen dead and be reported by the public (Reisen et al. 2006a) . The necropsies in which tissues were sampled for WNV testing did not ascertain pathologically whether or not the bird actually died from WNV infection and indicated only that the WNV RNA was detected by RT-PCR by testing of kidney samples (or oral swabs in the case of some American Crows).
Data on seroprevalence and dead birds provided field evidence of infection frequency but required results of experimental infection for interpretation. Our experiments were limited to species that could be captured and maintained in captivity, and often sample sizes were too low for mortality or intraspecific variation to be estimated accurately, especially for laboratory-reared nestlings such as the Black-crowned Night-Herons that have to be fed several times each day FIGURE 5. Breeding Bird Survey counts of five species in California, allocated by region, before (1980-2003) and after (2004-2007 ) the arrival of West Nile virus. A Poisson regression model based on results before the arrival of WNV was used to develop the 95% prediction intervals (shaded) for abundance expected after the arrival of WNV. HOFI, House Finch; HOSP, House Sparrow; MODO, Mourning Dove; CAQU, California Quail; RTHA, Red-tailed Hawk. (Reisen et al. 2005b ) and insectivores such as warblers that require live food. In addition, stress due to captivity and repeated handling may have contributed to mortality. Conversely, birds that were ill and relatively immobile during acute viremia but later recovered in captivity probably would have succumbed to starvation or predation in the wild.
Although field infection data from serology and the dead bird program coupled with experimental infection data were useful in anticipating the impact of WNV on bird populations, they did not always predict trends in abundance. We used Bayesian regression trend analyses to predict abundance over the 4 years after the invasion of California by WNV. We used summer BBS data rather than winter Christmas Bird Counts (CBC, http://www.mbr-pwrc.usgs.gov/bbs/cbc.html) to measure the impact of WNV because BBS data tracks bird abundance and distribution during late spring, the beginning of the WNV transmission season. Distributions of most species change during winter, so CBCs may not measure abundance at sites where birds are available for infection during the WNV transmission season . To assess the effect of WNV on population trends, we visually compared trends for BBS routes within and outside of areas with high WNV activity as delimited by August temperature, counts of dead birds, and other surveillance measures. This comparison more accurately evaluated the effect of WNV on avian populations but reduced the numbers of routes within each of the Bayesian models, increasing the variance and width of the 95% PI. To account for chance departures from the calculated trend, we required two consecutive years significantly below the calculated 95% PI before considering a decline significant. The chance of this happening randomly was 1 in 400 or 0.25%. The addition of more consistently covered BBS routes within the WNV-affected areas would allow a more accurate measure of population trends within the Central Valley.
Trend analyses of the BBS data using Bayesian Poisson regression models showed that some species significantly declined in abundance. Avian populations fluctuate markedly from year to year as a result of many causes, including disease, climate variation, and changes in food availability related to ecosystem dynamics, so that WNV infection may not be the only explanation for declines. We attempted to account for climate-driven fluctuations in population size by using the MEI ), a multivariate measure of the El Niño/ Southern Oscillation and meteorological conditions (Wolter and Timlin 1993) . Including the MEI significantly improved the model's fit for 15 of the 26 modeled species. Even after this adjustment to account for ecosystem dynamics, however, six species still showed significant post-WNV declines.
ASSESSING THE IMPACT OF WEST NILE VIRUS
We combined risk assessed from the four data sets into an overall risk score to determine the variation by species in the effect of WNV on California birds for which sufficient data were available (Table 5) . We debated whether to delineate risk from serology, dead birds, and experimental infections and then used results from our trend analysis as an outcome statistic for validation. This approach produced good agreement for highly susceptible species such as the American Crows and highly refractory species such as the Brown-headed Cowbird and California Quail, but for other species it produced variable results that were difficult to interpret (Table 5 ). The Western Scrub-Jay, for example, had high risk scores from serology (4), the Dead Bird Surveillance Program (4), and experimental infection (4), but a moderate score from the Bayesian Poisson regression model of BBS data (2) because it showed limited population declines in regions more affected by WNV. When risk scores from all sources were aggregated, this species had the fourth highest overall score (3.5). Therefore, we decided to include results from the trend analysis within the overall risk to account for species-specific responses at the population level.
After we combined results from the four sources, it became evident that data for many species were incomplete, so we focused on 22 species for which we had sufficient data from at least three of four sources (Table 5 ). One species which should not be overlooked because of a lack of data, however, is the Oak Titmouse. Although experimental infections of this species have not been done and we have little serological data, this species earned a risk score of 4 from the dead-bird program and showed significant population declines in three of the four regions analyzed (Table 4) . This species deserves additional study because much of its range overlaps areas of WNV transmission. A related species of the eastern USA, the Tufted Titmouse (Baeolophus bicolor), also declined after the introduction of WNV .
Several raptor species (order Falconiformes) had high WNV risk scores based on dead-bird surveillance, which may be partially explained by their large body size making them more visible and subject to public reporting. Few raptors were included in the serological data set because we captured birds in light-weight mist nets and grain-baited traps, ineffective for raptors. Experimental WNV infections in raptors (Nemeth 2006) revealed that at least some species develop high viremias but none of those exhibited clinical symptoms or died. In contrast, natural infections have shown that some hawks, as well as owls (Wunschmann et al. 2004 ), succumb to WNV infection. Our analysis of BBS data found little if any population-level effect of WNV on representative raptors, i.e., the American Kestrel, the Red-shouldered Hawk (Buteo lineatus), and Red-tailed Hawk (Table 4 , Fig. 5 ). This result is consistent with the relatively high seroprevalence reported previously that indicated many overwintering raptors survived infection (Stout et al. 2005 , Hull et al. 2006 , Medica et al. 2007 . It is possible that many of the WNV-positive raptors reported by the dead-bird surveillance program had been weakened by WNV infection, impeding their hunting ability and making them more susceptible to the effects of the virus.
In agreement with previous studies in California (Koenig et al. 2007 ) and throughout the United States , three of the five species with the highest risk from WNV are in the family Corvidae (Table 5) , as anticipated because of the family's high susceptibility to WNV infection , Reisen et al. 2005a ). Analysis of trends in the BBS indicated that the Yellow-billed Magpie is the most affected of those three corvids (Fig. 4) . Its distribution is limited to the northern area of high WNV risk, and its communal roosting facilitates both mosquito-borne and direct bird-tobird transmission of WNV. Two other species with high overall risk scores were the House Finch and Orange-crowned Warbler. The House Finch's risk scores were elevated in three of four datasets. This urban species may not only be at risk but also plays an important role in the maintenance and amplification of WNV in California (Wilson et al. 2006 , Carroll et al. 2007 ). In addition, it is fed upon frequently by Culex tarsalis , and it is the primary host for a variety of other pathogens, including western equine and St. Louis encephalitis viruses (Reisen et al. 2000 , other arboviruses , and several species of Plasmodium Reeves 1954, Herman et al. 1954) . The House Finch's host competence is relatively high, and, judging from both serologic and dead-bird datasets, House Finches are frequently infected naturally with WNV. In contrast, Orange-crowned Warblers have a low overall risk score based on low seroprevalence, 100% mortality in experimental infections, and a moderate score from the dead-bird data. We attribute the low seroprevalence (n 220) to the species' high susceptibility to WNV infection and a summer distribution concentrated away from regions where WNV is prevalent. Therefore, this species was at risk for infection largely during migration and, to a lesser degree, winter. In addition, we have found little evidence of natural infection among other smallbodied birds (e.g., warblers and wrens), and it may be that they are below the size range attractive to most Culex mosquitoes.
The actual risk from WNV to populations of wild birds appears to vary with the local intensity of WNV transmission, the biting rate by infectious mosquitoes, and the species' response to infection. Since the initial invasion into California in 2003, WNV has demonstrated a fairly consistent pattern of quiet introduction, epidemic amplification the following year, and then subsidence, as described elsewhere (Hayes et al. 2005) . In some areas such as Kern County (Carroll et al. 2007 ), however, WNV activity has not subsided and pressure on susceptible avian populations has been sustained. In contrast, in other areas such as Los Angeles and Coachella Valley, the virus has subsided somewhat (O'Connor et al. 2007 , Reisen et al. 2008b , allowing avian populations to recover numerically and lose herd immunity. This regional variation in population pressure from WNV may indicate that species with limited ranges and under heavy WNV infection pressure are at greater risk than species with larger ranges that are only partially or intermittently under pressure. An example is the difference between the Yellow-billed Magpie and American Crow in our analysis of abundance trends in BBS data. The American Crow's distribution is extensive, covering most of California except the southeastern deserts (Verbeek and Caffrey 2002), whereas the Yellow-billed Magpie has a range restricted primarily to the Central Valley north of Fresno and portions of the central Coast Ranges (Reynolds 1995) . The American Crow, while showing limited declines in both the southern and northern WNV regions, maintained relatively constant abundance in the low-temperature coastal region. Conversely, the Yellow-billed Magpie declined across its range, including both the northern WNV and low-temperature coastal regions. These trends of decline within the BBS data have been corroborated by counts at roosts in Sacramento and Yolo counties (Crosbie et al. 2008) .
Avian risk may be closely linked to Culex mosquitoes' temporal and spatial distributions and host selection, as well as temperature constraints on virus replication within the mosquito. Mosquito blood-meal acquisition is the culmination of intrinsic genetic factors that regulate host choice and extrinsic ecological factors related to host availability when mosquitoes are foraging. Questing mosquitoes detect their hosts by means of a variety of long-and short-range chemical cues, including semiochemicals such as carbon dioxide (Reeves 1953) , skin emanations (Dekker et al. 2005) , and in the case of birds, odors from the uropygial gland (Allan et al. 2006) . Although these intrinsic factors strongly influence host preference, the patterns of host selection that emerge in nature are strongly influenced by hosts' availability due to landscape or ecological factors (Lothrop and Reisen 2001) and by hosts' avoidance behavior (Edman et al. 1972, Edman and Spielman 1988) . Questing female Culex mosquitoes appear to hunt at night at specific landscape features, and birds roosting or nesting at these sites are infected at significantly higher rates than those roosting or nesting elsewhere (Reisen et al. 1997, Lothrop and Reisen 2001) . Therefore, the choice of evening roosting or nesting sites can affect arboviral infection rates, presumably by determining the frequency of vector-host contact (Reisen et al. 2005b , Ward et al. 2006 ). Once a vector locates a host, the host's defensive behaviors can alter the outcome of the encounter. Avian species vary markedly in their response to mosquito biting pressure, and this behavior can affect the mosquito's feeding success (Edman and Kale 1971 , Edman et al. 1972 , 1974 , Edman and Spielman 1988 . Disease, such as occurs during acute WNV infection in corvids and some raptors, may limit these defensive behaviors, alter roost-site selection, and facilitate mosquitoes' blood-feeding success (Scott et al. 1988) . Host-selection patterns also change temporally (Tempelis et al. 1965, Edman and Taylor 1968) as a result of increases in mosquito biting pressure (Edman et al. 1972 ) and host availability Reeves 1990, Kilpatrick et al. 2006) . In California, these shifts allow Culex mosquitoes to function as maintenance and amplifying vectors during the spring and early summer when they feed almost entirely on birds and as bridge vectors in summer and fall when they feed more frequently on mammals. Host selection also relates to the rate of production of semiochemicals such as carbon dioxide as well as the juxtaposition of roosting and nesting sites with the flight and hunting paths taken by mosquitoes during their appetitive flights. A communal roost produces more carbon dioxide and thus may be more attractive to ornithophilic mosquitoes than a birds roosting in solitude; similarly, a large bird roosting in solitude produces more semiochemicals than a small bird. The House Finch, often positive for WNV antibodies, roosts and nests in loose aggregations within dense vegetation or under eaves of houses (Bergtold 1913 , Hill 1993 . In contrast, the Northern Mockingbird, which we found to have a seroprevalence lower than in the House Finch, aggressively defends its territory and therefore has a more uniform and sparse distribution (Michener and Michener 1935, Derrickson and Breitwisc 1992) . This behavior does not protect mockingbirds from mosquito biting, but rather their evenly spaced distribution may make them more difficult for a mosquito to locate than a group of House Finches. Differences in size also may be important, because the Western Scrub-Jay, like the Northern Mockingbird, is also aggressively territorial during the breeding season (Curry et al. 2002) and therefore also has an evenly spaced distribution (Reisen et al. 2006a ), but Western ScrubJays are often found either dead or with antibodies against WNV. This difference may be attributed to the Western Scrub-Jay's greater body mass, 78-101 g, (Curry et al. 2002) , nearly double that of the Northern Mockingbird, 46-52 g (Derrickson and Breitwisch 1992) . Although a bird's roosting behavior and body mass should be considered in studies of mosquitoes' host selection (Kay et al. 1985) , it should be done in the context of the avian community in which that bird lives. Although our study found a significant relationship between seroprevalence and body weight, only 15% of the variation was explained by this association.
In conclusion, WNV is now endemic throughout the New World and is likely to affect bird populations for years to come. Its impact will vary over time and space, with some focally distributed species, such as the Yellow-billed Magpie and perhaps the Oak Titmouse, experiencing strong population declines, whereas broadly distributed or refractory species may persist with minimal reduction or even increase. Broadly distributed susceptible species may be able to recover from WNV-induced declines during seasons with little or no transmission of the virus. We could not include all age classes in experimental-infection studies and therefore did not test whether susceptibility varies with age. If nestlings frequently succumb, then even species that appear to be unaffected by WNV as adults may undergo considerable changes in age structure and decrease in abundance following regional epizootics that sweep through susceptible populations with low or no herd immunity ). Although various methods for tracking avian WNV infection and impact have been used, these are generally crude and difficult to relate to the complexity and dynamics of WNV transmission, making it imperative to use more than one tool to interpret the impact of WNV on avian populations.
